As silica nanoparticles (SiO 2 NP) gain increasing interest for medical applications it is important to understand their potential adverse effects for humans. Here we prepared well-defined core-shell fluorescently labelled SiO 2 NP of 15, 60 and 200 nm diameter and analyzed their cytotoxicity in THP-1 derived macrophages, A549 epithelial cells, HaCaT keratinocytes and NRK-52E kidney cells. We observed a size-dependent cytotoxicity in all cell types in serumfree conditions. HaCaT cells were least and macrophages or lung derived A549 cells were highly sensitive towards SiO 2 NP treatment. Differences in cytotoxicity could be correlated with different uptake rates. By using flow cytometry and confocal microscopy we quantified the uptake. Furthermore we used specific inhibitors for clathrin-and caveolinmediated endocytosis to elucidate the uptake mechanisms, which were found to be dependent on the NP size and the cell type. Clathrin-mediated endocytosis was involved in the uptake of SiO 2 NP of all sizes and was the major pathway for 60 nm or 200 nm SiO 2 NP. Caveolin-mediated endocytosis contributed to the uptake of 60 and 200 nm SiO 2 NP in THP-1 macrophages but only to uptake of 200 nm SiO 2 NP in A549. However, in the presence of serum all SiO 2 NP were non-toxic. The presence of serum furthermore could alter the uptake mechanism. In summary, this study demonstrates size-and cell type dependent differences in SiO 2 NP uptake and toxicity.
Introduction
Nanomaterials (NM) are gaining increasing interest for various fields of application. They are used in the medical sector, in consumer products, for building materials, in computer technology or for waste remediation. By yearly production volumes and by number of products, silica nanoparticles (SiO 2 NP) belong to the highest commercialized NP, ranked as number 4 by the project of emerging nanotechnology [1] . SiO 2 NP are frequently used in consumer products and in nanocomposites, where they can act as a binder in ceramics or increase the scratching resistance of varnishes [1] [2] [3] . Furthermore, they gained huge interest in medicine for gene or drug delivery, in cancer therapy and for imaging purposes [4] . SiO 2 are very versatile NP. They can be easily synthesized in various well defined sizes and can be easily surface modified. Thus, they can be labeled with different dyes for imaging purposes or with antibodies for specific targeting [5, 6] . Mesoporous variants can be loaded with drugs. Due to their increasing use and the various interesting possible future applications it is important to analyze putative hazards of SiO 2 NP for humans.
In principle several uptake routes need to be considered, i.e dermal, intestinal, inhalative or for medical applications also intravenous injections. It is known that after systemic uptake, NP can be transported to secondary organs such as kidney, liver, spleen and eventually also to the brain [7] . In short term inhalation studies nonsurface modified amorphous SiO 2 was able to induce slight or marked inflammation [8, 9] . Pulmonary inflammation and lung tissue damage was also detected in instillation studies in mice [10] . Skin penetration of SiO 2 NP was detected in vivo and in vitro [11, 12] . After three days of topical exposure to the ear skin in mice SiO 2 NP were detected inside Langerhans cells and in the cervical lymph nodes [11] . In human skin explants they could be detected in epidermal and dendritic cells [12] . In an oral study elevated silica levels were found in the spleen after 84d in the highest dose group [13] . After iv injection SiO 2 NP were found in the muscle, bone, skin, liver, lung and spleen [14, 15] with detectable changes in histopathology for liver, spleen and lung tissues [15] .
Toxicity of SiO 2 NP was studied in different cell types. SiO 2 NP may induce cytotoxicity or apoptosis and lead to inflammation, DNA damage, or lipid peroxidation in various cell lines [16] [17] [18] [19] [20] . These adverse effects could be mediated by oxidative stress or/and the activation of stress-related signalling pathways [21, 22] . The toxicity appears to be dependent on NP size and surface [17, [23] [24] [25] [26] . For instance, Li et al. have demonstrated that SiO 2 NP with diameters of 19, 43, 68 and 498 nm cause cytotoxicity, increased reactive oxygen species (ROS) level, DNA damage and cell cycle arrest in HepG2 cells in a size-dependent manner [23] . Other studies also detected size-dependent inflammation [25, 26] . Furthermore toxicity seems to be dependent on the cell line [27, 28] . For instance, skin derived HaCaT cells appeared to be more resistant towards 14 nm SiO 2 NP compared to lung derived A549 and HT29 colon cells [29] . Different forms of SiO 2 NP, ie mesoporous, crystalline, or amorphous also show differences in toxicity [30] [31] [32] . Crystalline SiO 2 induced sustained pulmonary inflammation in in vivo instillation, while the responses to amorphous SiO 2 NP were reversible [33] . Intraperitoneal application of mesoporous but not of amorphous colloid silica SiO 2 led to systemic immune responses in mice [34] . Taken together there is various evidence, that SiO 2 NP may be taken up through various routes, reach secondary target organs and may also lead to adverse effects. The uptake and the toxicity mechanisms are not understood in detail. However, in particular for medical applications it is important to understand and to control the uptake of the NP as this may critically affect the drug efficiency.
For this purpose the uptake into various cells and tissues needs to be quantified. This may be done via inductively coupled plasma mass spectrometry (ICP-MS), optical emission spectroscopy (ICP-OES), or atomic absorption spectroscopy (AAS) [35] [36] [37] [38] . However, none of these methods is able to determine NP localization. For this purpose many studies use fluorescently labeled SiO 2 NP [22, 25, 27, 28, [39] [40] [41] [42] [43] . By combining flow cytometry and confocal microscopy it is possible to get time and space resolved semi-quantitative and qualitative uptake information [42] . Furthermore, it is feasible to perform quantification in flow cytometry after determining average fluorescent intensity per particle. A size-, time-and cell type-dependent uptake has been shown for fluorescent-labeled SiO 2 NP in several studies [22, 27, 40, 42, 43] . Uptake mechanisms are less well analyzed. It is known that endocytosis is involved in uptake of SiO 2 NP in HepG2 [40] , THP-1 [22] , A549 [22, 42] , HeLa [43] , and NCI-H292 cells [44] . Smaller SiO 2 NP may also translocate in cells via energy independent pathways or even by passive diffusion [28, 43, 44] . Endocytosis can be differentiated into clathrinmediated or caveolin-mediated endocytosis. Clathrin-mediated endocytosis seems to mediate uptake of a wide size range of particles (55.6 nm ~ 600 nm) in different cell types [17, 27, 40, 43] , while size range for caveolin-mediated endocytosis is much more limited [17, 43] . In addition there are also clathrin-and caveolin-independent uptake pathways [25, 41] .
NP are altered in biological media for instance by the formation of a so-called protein corona. This will influence the NP uptake and the uptake mechanisms. In the presence of serum SiO 2 NP show a reduced adhesion to cell membrane and a reduced uptake [45, 46] . Formation of a corona can also increase NP agglomeration [47, 48] . Recently, there are indications that uptake mechanisms are altered in the presence or absence of a protein corona [49, 50] .
Unfortunately, nearly all these studies suffer from major drawbacks. Dye-labeled SiO 2 NP may release a certain amount of dye over time by so-called dye leakage [51] . Usually the dye is attached to the surface, which can alter the surface properties and may have a strong influence on the uptake mechanisms on its own [27] . Thus, our motivation was to apply core-shell fluorescently labeled SiO 2 NP, which are protected by an additional silica shell. We used three different sizes of this coreshell SiO 2 particles (diameters of 15, 60 and 200 nm). We analyzed size dependent uptake and uptake mechanisms in four different relevant cell lines representing different uptake routes. Human lung adenocarcinoma epithelial cell line (A549) were used as a lung related cell line and human keratinocyte cell line (HaCaT) as a skin related cell line. THP-1 derived macrophages and rat kidney epithelioid cell line (NRK-52E) are models for important secondary targets. We studied the uptake by flow cytometry and confocal microscopy and used different inhibitors to get insights into the uptake mechanisms. Studies were performed in the presence and absence of serum.
Materials and Methods

Synthesis of nanoparticles
Dye-labeled SiO 2 NP with silica coating were prepared in three steps: synthesis of SiO 2 NP, labeling with dye and final silica coating. The 60 and 200 nm SiO 2 NP were synthesized as published [52] , while 15 nm particles were from a commercial source (Ludox SM, obtained as a 30% wt. suspension in H 2 O, Sigma-Aldrich, Taufkirchen, Germany). The surface was functionalized with (3-Aminopropyl)-triethoxysilane (APTS, ≥ 98%, Sigma-Aldrich, Taufkirchen, Germany). For labeling Alexa Fluor 488 5-SDP Ester (Invitrogen, Darmstadt, Germany) was dissolved in ethanol (1.5×10 -4 g Alexa / g Ethanol ), added to the suspension of aminated SiO 2 NP, which has been adjusted to pH 5 and left stirring overnight. Alexa-labeled SiO 2 dispersions were then adjusted to a pH of 8-9 before adding lysine and sonicated for 2 h. As a catalyst for the formation of the silica shell 35-45 mg of lysine was added, followed by dropwise addition of 0.08-0.17 g tetraethoxysilane (TEOS, ≥ 98%, ABCR, Germany) at 60°C and reacted overnight. After coating the SiO 2 dispersions were dialyzed in water. We confirmed an approximately 1.5 nm thick layer around the Alexa-labeled SiO 2 NP by dynamic light scattering (DLS) and transmission electron microscopy TEM ( Figure S1 ). Two batches of submicron silica particles were synthesized, both approximately 200 nm. One (221 nm) was used in toxicity and uptake studies, and another one (177 nm) was used to study uptake mechanisms. For both batches cytotoxicity and quantification of uptake by flow cytometry has been analyzed. NP were stable for several month and no dye leakage was detected for up to 6 month ( Figure S2 ). For this purpose NP were depleted by ultracentrifugation and the supernatants have been analysed by fluorescence spectrometry (Perkin Elmer, Rodgau, Germany). For control purposes the NP suspensions as well as pure water has been analysed.
Suspension of nanoparticles
Suspensions of particles were freshly prepared before each experiment. Stock solutions of SiO 2 NP were first ultrasonicated in an ultrasonication bath (Sonorex, Bandelin, Berlin, Germany) for 5 min while cooled in an ice bath and then diluted to 2.5 mg/mL in the indicated medium and stirred at 700 rpm for 1 h at room temperature to achieve optimal dispersion.
Characterization of nanoparticles
Primary sizes and morphology of SiO 2 NP were measured by transmission electron microscope (TEM,Tecnai G 2 20 S-TWIN, FEI, Oregon, USA) as published elsewhere [52] . The hydrodynamic diameters of SiO 2 NP were examined by dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern, Herrenberg, Germany) at room temperature. Particles were diluted for DLS measurement to a final concentration of 100 μg/mL.
Cell culture
THP-1 cells (ACC 16 from DSMZ, Braunschweig, Germany) were cultured in RPMI 1640 medium supplemented with 10% foetal calf serum (FCS), 1% L-glutamine, 1% penicillin/streptomycin, 1% Hepes and 1% sodium pyruvate. A549 cells (obtained via EU FP7 QualityNano project from UCD, Dublin, Ireland) were cultured in Ham's F12 medium supplemented with 10% FCS, 1% L-glutamine and 1% penicillin/streptomycin. HaCaT cells (CLS Cell Lines Service GmbH, Eppelheim, Germany) were cultured in DMEM medium supplemented with 10% FCS, 1% L-glutamine and 1% penicillin/ streptomycin. NRK-52E cells (ACC 199, DSMZ, Braunschweig, Germany) were cultured in Dulbecco's Modified Eagle's high glucose medium (DMEM) supplemented with 10% FCS, 1% L-glutamine, 1% penicillin/streptomycin and 2.5% Hepes. All cell lines were cultivated at 37°C, 5% CO 2 and with 95% relative humidity. Phorbol-12-myristate-13-acetate (PMA) at 100 ng/ mL for 24h was used to differentiate THP-1 cells into macrophages like cells.
Cytotoxicity
WST-1 cell viability assay was used to evaluate the toxicity of SiO 2 NP according to manufacturer instructions (Roche Diagnostics, Mannheim, Germany). Cells were treated 24 h after seeding in 96-well plates with 10, 20 and 50 μg/mL SiO 2 NP for 24 h. As positive control, dimethyl sulfoxide (DMSO) was used (10 μL for THP-1, A549 and NRK-52E cells, 20 μL for HaCaT cells). Interfering NP were removed in a table top centrifuge by centrifugation with maximum speed prior to spectrophotometric read-out (TECAN, Switzerland) at 450 nm. Mean values ± SEM are given from three independent experiments.
Confocal microscopy
Cells were treated with SiO 2 NP suspensions at 20 μg/mL 24 h after seeding (2.5×10 5 cells/mL) on coverslips in 6-well culture plates. After 2 or 24 h of incubation, cell nuclei were stained by Hoechst 33342 (Life Technologies, Darmstadt, Germany) (100 ng/mL, 5 min). 50 nM LysoTracker Red (Life Technologies, Darmstadt, Germany) were added 30 min before end of treatment. Cells were washed three times with phosphate buffered saline (PBS) and were fixed with 4% paraformaldehyde (PFA) in PBS (pH 7.4). Images were obtained by confocal laser scanning microscopy (CLSM) system LSM 700 (Carl Zeiss, Göttingen, Germany) with a 63 × oil-immersion objective using 488 nm laser for Alexa-488, 405 nm for Hoechst33342 and 555 nm for LysoTracker Red.
Immunofluorescence
Cells were seeded as for CLSM analysis. As positive substrates we used BODIPY-LacCer (1 μM, Life Technologies, Darmstadt, Germany) for Cavoelin mediated or FITC-Transferrin (10 μg/mL, Life Technologies, Darmstadt, Germany) for Clathrin mediated endocytosis in serum-free medium for 1.5 h. Cells were washed three times with PBS and were fixed with 4% PFA. For immunofluorescence cells were stained as described elsewhere [53] . Primary antibodies (anti-caveolin or anti-clathrin, New England Biolabs, Frankfurt a.M., Germany) were diluted in HBSS (Hank's balanced salt solution) at 1:200 and applied overnight at 4°C. Secondary antibody (Alexa-546 goat-anti-rabbit, Life Technologies, Darmstadt, Germany) was diluted 1:200 and applied for 1.5 h at room temperature. Cells were mounted using Vectashield mounting medium (Linaris GmbH, Dossenheim, Germany).
Flow Cytometric analysis (FACS)
For FACS analysis 2.5×10 5 cells/mL were seeded into 6-well plates for 24h, then medium was replaced to serum-free medium (if indicated). Cells were exposed to 10, 20 and 50 μg/mL SiO 2 NPs for 2 or 24 h, were washed three times with PBS, detached by 0.05% trypsin/EDTA (A549, HaCaT and NRK-52E cells) or accutase (THP-1 macrophages), harvested by centrifugation, washed again with PBS and resuspended in PBS for FACS analysis. The fluorescence of 20,000 cells was detected at FITC channel after excitation at 488 nm laser using a BD FACSAriaIII (BD biosciences, Heidelberg, Germany).
For studying uptake mechanisms A549 and THP-1 cells were pretreated for 30 min with 50 or 100 μM genistein (24h or 2 h, respectively), 1 or 2.5 μg/mL filipin III (24h or 2 h, respectively), and 5 μg/mL chlorpromazine hydrochloride (all from Sigma-Aldrich, Munich, Germany). For potassium-depletion, cells were washed with PBS, with potassium-depletion buffer (20 mM Hepes pH 7.4, 140 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1 mg/mL D-glucose) and then incubated in hypotonic buffer (1:1 ratio of potassium-depletion buffer and H 2 O) for 10 min at 37°C before being transferred to potassium-depletion buffer for 30 min. Controls were untreated cells (for genistein, flipin or chlorpromazine) or cells treated by potassium-depletion buffer supplemented with 10 mM KCl. For inhibitor studies SiO 2 NP were used at 10 μg/mL for 2 and 24 h of exposure. External fluorescence was quenched using 0.1% Trypan blue. Uptake was quantified by FACS analysis. BODIPY-LacCer (lactosylceramide complexed to BSA, 0.5 μM) and transferrin-fluorescein conjugate (10 μg/mL) were used as control substrates.
Statistics
All experiments are performed in three independent repeats. Data were presented as means ± SEM. Analysis was done using GraphPad Prism 5.0.
Results
Characterization of SiO 2 NP
The SiO 2 NP used in this study contained a silica core, which was labeled with the fluorescent dye Alexa Fluor 488 and then further covered by another silica layer ( Figure 1A ). NP suspensions were analyzed by dynamic light scattering (DLS) prior to use in water or cell culture medium ( Figure 1B and Table 1 ). TEM was used to confirm shape and size ( Figures 1C to 1E ). All particles were spherical and uniform in size. Sizes and zeta potentials are listed in Table 1 .
In general, our NP were very well dispersed in water and in serumfree cell culture medium. Only the 15 nm SiO 2 NP showed some agglomeration, which can be attributed to the relatively larger surface area and the thereby increased attractive van der Waals interactions. In the presence of serum the 15 and 60 nm SiO 2 NP form agglomerates. The zeta potentials were very similar for all NP. Because of the strong agglomeration of our SiO 2 NP in serumcontaining medium, the main part of this study was done in serum-free medium, i.e prior to NP exposure cells were set to serum-free medium. However, we also included analysis of NP uptake in serum containing cell culture medium and compared this to serum-free conditions.
SiO 2 NP cytotoxicity is dependent on size and on cell type
Cells were exposed to SiO 2 NP at concentrations of 10, 20 and 50 μg/mL for 24 h and the cell viability was determined using WST-1 assay. Data are shown in Figure 2 and summarized in Table 2 . The 15 nm SiO 2 NP caused significant cytotoxicity to all tested cell lines. The 60 nm SiO 2 NP caused less pronounced cytotoxicity, if applied doses were compared on mass basis. The 200 nm particles did not display any cytotoxicity in all four cell lines at all applied doses. Most prominent effects towards all NP were observed for THP-1 macrophages (Figure 2A and Table 2 ), which had an IC 50 value of 10 and 18 μg/mL for the 15 nm and 60 nm SiO 2 , respectively. Also in A549 cells ( Figure 2B ) significant effects were observed, with IC 50 values of 15 and 50 μg/mL for 15 nm and 60 nm NP, respectively. HaCaT cells were rather insensitive, and an IC 50 could not be reached for any size of SiO 2 NP ( Figure 2C ). NRK-52E cells showed pronounced effects only towards the 15 nm SiO 2 , the IC 50 value was 15 μg/mL ( Figure 2D ). Interestingly, in serum-containing media no cytotoxicity was observed for all sizes of particles.
Thus, our data confirm a dose-dependent toxicity for 15 nm and 60 nm SiO 2 NP. If applied doses were compared on mass levels, we observed a clear size dependent effect, which vanished when applied doses were compared on the basis of the total NP surface area ( Figure  S3 ), indicating that the toxicity of SiO 2 NP is related to surface area.
Next we wanted to investigate whether the differences in toxicities were related to different uptake rates.
Different cell lines take up different amounts of SiO 2 NP
All cell lines were treated with 15, 60 and 200 nm SiO 2 NP at 20 μg/mL for 2 h and uptake was analyzed qualitatively with confocal microscopy ( Figure 3) . THP-1 macrophages rapidly took up 15 nm and 60 nm SiO 2 NP, already within 2 h. NP were present in small clusters, most likely representing vesicles. The nuclei were free of particles.
A549 also rapidly took up 15 nm and 60 nm particles, particles are a All measurement were performed at 25 ºC at 100 μg/mL. b Hydrodynamic diameter was determined as Z-average (% intensity), which was derived from the cumulant mean of the intensity autocorrelation function. c The hydrodynamic diameters were measured in serum-free RPMI medium. (Figure 3 ), only after 24 h treatment SiO 2 NP was found inside cells ( Figure S4 ). In all cell lines, the 200 nm particles hardly entered the cells after 2 h, but many of them attached to cell surface and were thus visible directly on the outer side of cell membrane. For all sizes of SiO 2 NP uptake was confirmed after 24 h treatment. In no case we found evidence that SiO 2 NP can be transported into the cell nuclei.
We then quantified uptake in all cell lines after 2h ( Figure 4A ) or 24h ( Figure 4B ) incubation using flow cytometry. For 60 nm and 200 nm SiO 2 NP the uptake profiles to all four cell lines were clearly timedependent. However, the results for the 15 nm SiO 2 NP can be analyzed only after 24h as the analysis after 2 h is confounded from extracellularly attached NP. For the 15 nm SiO 2 NP we therefore only quantified the uptake after 24 h, where we confirmed by confocal microscopy that the NP were clearly inside the cells and not attached to cell surfaces any more. For further studies we decided to apply a quencher, which allowed us to quantify intracellular fluorescence only.
After 24 h incubation we observe a dose-dependent uptake in all four cell lines by flow cytometry ( Figure 5 ). There is a clear dose dependent uptake visible for the 200 nm SiO 2 NP in all cell lines ( Figure   5C ). For 60 nm SiO 2 NP this dose dependent uptake was also observed for A549, HaCaT and NRK-52E cells ( Figure 5B ). However, in THP-1 macrophages 60 nm SiO 2 NP are already exerting a significant toxicity at 20 μg/mL. For the same reason dose-dependent cellular uptake analysis was confounded for 15 nm SiO 2 NP in THP-1 and A549 cells ( Figure 5A ).
Using flow cytometry, we again could confirm that indeed THP-1 macrophages and A549 are taking up higher amounts of NP compared to HaCaT and NRK-52E cells. Thus, the amounts taken up correlate very well with the results of the toxicity study (compare results in Figures 2 and 5) . Surprisingly, for the 200 nm SiO 2 NP the differences in uptake between the various cell lines were not as high. This could be an indication that the uptake mechanism for 200 nm NP is be different compared to uptake mechanisms for 15 or 60 nm NP. In the confocal images we have seen that the SiO 2 NP were not free in cytoplasm, but rather distinctly localized, most likely inside vesicles. We analyzed whether those vesicles represent lysosomes by using LysoTracker Red at different time points, 0.5, 2, 5 and 24 h after adding the NP. After 24 h we observed a significant co-localization between 15 nm SiO 2 NP and the lysosomal marker ( Figure S5 ). This was not observed at earlier time points.
Size and cell type dependent uptake mechanisms for SiO 2 NP
To further elucidate the uptake mechanisms we used specific inhibitors for clathrin-mediated and caveolin-mediated endocytosis. Genistein, which is a tyrosine kinase inhibitor, and filipin, which acts on cholesterol, were used as inhibitors to block the caveolin-mediated endocytosis. Chlorpromazine, a Rho GTPase inhibitor, and potassiumdepletion, which is acting via clathrin removal, were used to inhibit the clathrin-mediated endocytosis. For that purpose we focused on THP-1 macrophages and A549 cells as they took up highest amounts of SiO 2 NP.
Prior to the experiment we carefully analyzed the cytotoxicity of the inhibitors after 2 and 24 h (Figures S6A-S6D ) and used only sub-cytotoxic doses (cell viability higher than 80%). Potassium-depletion was only tolerated for 2 h. Furthermore we used fluorescent substrates to confirm the effect of the inhibitors at the applied doses. For that purpose we used BODIPY-LacCer as a substrate for caveolin-mediated endocytosis and transferrin-fluoresceine for clathrin-mediated endocytosis. We analyzed the preferential uptake of transferrin by clathrin-and LacCer by caveolin-mediated endocytosis via immunostaining ( Figure S7 ) and by applying specific inhibitors for the endocytotic pathway ( Figure S8 ). The caveolin-mediated endocytosis could be blocked by genistein and filipin after 2 and 24 h in THP-1 by 10-20% and in A549 by 20-30% ( Figure S8A ). In A549 cells genistein did only reduce the uptake after 2 h but not after 24 h treatment. The clathrin-mediated uptake was blocked by chlorpromazine in THP-1 macrophages by approx. 40% at 2 and 24 h. In A549 cells chlorpromazine did not have any effect ( Figure S8B ). In A549 cells we also analyzed the uptake of clathrin and LacCer in the presence of serum ( Figure S8C ). The efficiency of potassium-depletion on the uptake of transferrin-fluoresceine was checked by confocal microscopy ( Figure S9 ). With the 3D images, it is clear that potassiumdepletion indeed significantly reduced the uptake of transferrin. After potassium-depletion transferrin-fluorescein is mainly attached to the cell membrane but was not taken up. Thus, we could confirm that indeed the inhibitors used here did suppress the respective pathways to a certain extent. A full blockage was not observed and was also not expected.
In THP-1 macrophages caveolin specific inhibitors had no effect on the uptake of 15 nm SiO 2 NP. Filipin could decrease the uptake of the 60 and 200 nm SiO 2 after 2h and 24h ( Figures 6A and 6B) . In contrast, clathrin specific inhibitors could decrease the uptake for all three sizes of SiO 2 NP. After having applied chlorpromazine for 24h the uptake was decreased by 70% for the 200 nm particles, by 58% for 60 nm SiO 2 NP and only by 33% for 15 nm SiO 2 NP ( Figure 6B ). The uptake mechanism seems to be dependent on NP size.
In A549 cells the effects of the inhibitors were slightly different ( Figures 6C and 6D ). For the 15 nm SiO 2 the results were comparable to THP-1 macrophages. The inhibitors of the caveolin-mediated endocytosis had no effect on the uptake of the 15 nm NP but the potassium depletion could reduce the uptake by 19%. For 60 nm SiO 2 NP the inhibitors of the caveolin-mediated pathway had no effect in A549 cells after 2 h, which is in clear contrast to the results in THP-1 macrophages. However, after 24 h filipin could inhibit the uptake of These results indicate that the uptake mechanisms seem to be dependent in the cell type.
Finally, we investigated the uptake mechanisms also in the presence of serum in A549 cells (Figure 7 ). Firstly we observed differences in the total amount, which is taken up. At the same dosage (10 μg/mL), much less SiO 2 NP could be internalized into A549 cells in the presence of serum compared to serum free conditions (data not shown). In order to analyze the effects of the various inhibitors we had to increase the applied doses under serum containing conditions for all sizes to 100 μg/mL. However, no significant cytotoxicity was observed in serum-containing medium for all applied doses ( Figure S10 ). The results revealed that for all particles all used inhibitors, i.e genistein, filipin and chlorpromazine, could inhibit the uptake significantly. The caveolin specific inhibitors reduced the uptake by 20-40% while the clathrin specific chlorpromazine reduced the uptake by more than 50%. In addition we did not observe size-dependent differences in serum containing medium. However, when interpreting these results one needs to consider that in serum containing medium the SiO 2 NP (in particular the 15 or 60 nm NP) are significantly agglomerated such that final agglomerate sizes are very comparable for all three primary particle sizes. As the 200 nm SiO 2 NP are hardly agglomerated we focused our comparison of serum containing vs. serum free medium on the 200 nm SiO 2 NP. In serum containing medium, the treatment with chlorpromazine blocked the uptake of the 200 nm SiO 2 NP drastically. In serum-free medium in A549 cells in contrast all three inhibitors had a rather similar effect. This indicates that the uptake of the 200 nm particles in the presence of serum seems to be more specific, predominantly via the clathrin-mediated pathway.
Discussion
The cytotoxic effects of SiO 2 NP (15, 60, 200 nm) were investigated in four different cell lines, A549, HaCaT, THP-1 derived macrophages and NRK-52E, which are representing different possible target organs (lung, skin, immune system and kidney). Most prominent effects were observed after exposure to 15 nm SiO 2 NP. The 60 nm SiO 2 NP caused less pronounced cytotoxicity and the 200 nm particles were not toxic at all. If applied doses are compared on mass levels, we observed a clear size dependent toxicity as also described by others [23, 54, 55] . Cytotoxicty, in particular for small SiO 2 NP, has been described already in various cell types, including lung cancer cells, myocardial cells or human endothelial cells [55] [56] [57] . Smaller NP have a larger specific surface (ie ratio of surface area to volume) leading to a higher surface reactivity [7, 58, 59] . It has been published that silica surfaces can generate ·OH radical, which may then cause cellular damage [31, 60] . This may explain the higher toxicity observed for the small SiO 2 NP. Furthermore, for the 15 and 60 nm SiO 2 NP we detected a dose-dependent cytotoxicity as also observed by others [56, 57] .
Toxicity furthermore was dependent on the cell line. THP-1 macrophages were the most sensitive cell line followed by A549 cells. In contrast, HaCaT cells were rather tolerant. This may be explained by different physiological functions and correlated well to differences in uptake. Kroll et al. studied 23 NP in ten different cell lines [61] and also reported differences in the sensitivity of the cell lines. However, SiO 2 NP were not included in that study. Other studies using SiO 2 NP already found that epithelial cells or tumor cells were less sensitive compared to phagocytic cells or fibroblasts [62] [63] [64] .
Interestingly the particle surface seems to be critical for explaining the toxicity of SiO 2 NP. Here we could confirm that differences in toxicity are vanishing after re-calculating the applied doses on the basis of NP surfaces [65] .
Differences in toxicity may also be related to differences in NP uptake, which can be size dependent as well [42, 43] . Via confocal microscopy and flow cytometry we could confirm that indeed the uptake of our NP was size and also cell-type dependent. Different uptake rates correlated very well with different toxicities. For instance, THP-1 macrophages and A549, which show the strongest toxicity, are taking up higher amounts of SiO 2 NP compared to HaCaT and NRK-52E cells. The 200 nm SiO 2 NP, which were non-toxic, hardly entered the cells within 2h. Thus, the SiO 2 uptake was not only dependent on NP size but also on the cell line. In another study, Nabeshi et al. also could correlate uptake and toxicity for different amorphous silica NP in Langerhans cells [54] . However, this study assessed only one cell type while in our study four different cell lines were compared.
In our study SiO 2 NP were taken up into the cytoplasm. We did not detect any SiO 2 NP in the cell nuclei. The majority of other studies also confirm that SiO 2 NP do not enter the cell nuclei, also for A549 cells [28, 66, 67] . Very rarely it has been published that SiO 2 NP can enter the nucleus. Zhu et al. report nuclear localization for 50 nm SiO 2 in HeLa cells [43] . Eventually, this may be related to different surface modifications of the silica [30] .
The confocal images in our study confirm that the SiO 2 NP were rather distinctly localized in structures, most likely vesicles, in the cytosol. We could demonstrate that at least a part of them are lysosomes. Co-localization between SiO 2 NP and lysosomes could not be observed at early time points, only after 24h, suggesting that NP are taken up into endocytotic compartments, which are then trafficked and only later fused with lysosomal compartments [68] . Similar kinetics were reported by others. Rawi et al. investigated the uptake and intracellular localization of submicron and nano-sized SiO 2 particles in HeLa cells and proved that SiO 2 NP (70 nm) are co-localized with lysosomes after 24 h. However, larger particles, ie 200 nm and 500 nm, show less lysosomal localization [69] . A possible explanation for this sizedependent localization of NP in lysosomes could be a size-dependent preference for clathrin versus caveolin mediated endocytosis [70] .
Clathrin-mediated endocytosis (CME) is a receptor-mediated endocytosis and is involved in uptake of many nutrients such as LDL or iron-carrying transferrin. Specific receptors identify substrate and cargo them into "clathrin coated pits", forming 60-200 nm vesicles that later enter the endosomal pathway and fuse with lysosomes [70] . Caveolae are a subtype of lift rafts and typically cluster in cholesterol-rich regions of plasma membrane, forming flask-shaped invaginations of 50-100 nm [71] . They are highly abundant in endothelial cells. In contrast to clathrin-coated pits caveolin remains attached to the vesicles and at least some of the vesicles seem to escape the fusion with lysosomes [72] . In general, the caveolin-mediated endocytosis is favored for nanomedicine because NP can escape lysosomal degradation via this pathway.
Here we used Chlorpromazine and a potassium-depleted buffer, two well-known inhibitors to block the clathrin-mediated pathway. Genistein and filipin were used to block the caveolin-mediated pathway. However, sometimes these inhibitors are not as selective and may as well block other uptake pathways [71] . We analyzed the efficiency of these inhibitors in our cell systems by using transferrin and lactosylceramide (LacCer) as substrates [70] . Chlorpromazine could strongly inhibit the uptake of transferrin in THP-1 macrophages but not in A549 cells, which is in contrast to results from another study, where it could block clathrin-mediated endocytosis in A549 cells by 90% [73] . Here, the effects of chlorpromazine appear to be cell type dependent. However, potassium-depletion worked very well for both cell types. By inhibiting clathrin-mediated endocytosis we could show that this pathway is involved in the uptake of all sizes of SiO 2 NP in both cell lines. In literature there is evidence that a broad size range of SiO 2 particles (50 nm -600 nm) can be taken up by clathrin-mediated endocytosis in different cell types [17, 27, 40, 43] . The caveolin-mediated pathway seems to contribute only for the 60 and 200 nm SiO 2 NP. Clearly it was not involved in uptake of the 15 nm NP. In contrast, inhibitors against the clathrin endocytosis had a stronger effect on the uptake of the 60 and 200 nm particles compared to inhibitors of the caveolin endocytosis. This suggests that for 60 and 200 nm SiO 2 NP the clathrin-mediated endocytosis is the main uptake route, although a part of the NP may enter the cells via the caveolin pathway. However, for 15 nm SiO 2 NP other uptake mechanisms should exist, which may be clathrin-and caveolin-independent.
So far uptake of SiO 2 NP smaller than 50 nm hardly has been analyzed. In one study 10 nm SiO 2 NP were shown to taken up via both, clathrin and caveolin-mediated endocytosis in ovarian cancer cells [74] . Another study analyzed Sicastar Red-SiO 2 NP (30, 70 and 300 nm) in NCI-H441 and ISO-HAS-1 cells and found a clathrin-and caveolinindependent uptake mechanism [25, 41] . The extent of SiO 2 uptake via clathrin-mediated pathway seems to change with size. Chlorpromazine was more effective in inhibiting the uptake of 200 nm polystyrene NP compared to 40 nm in A549 cells [73] . We observe similar results. Also in our study chlorpromazine was more effective towards 60 and 200 nm SiO 2 .
We also observed differences in the uptake of the 60 nm SiO 2 between A549 cells and THP-1 macrophages. For the uptake of polystyrene NP cell-type dependent differences in uptake mechanisms already have been described for HeLa, A549 and 1321N1 cells [73] . Similar studies with SiO 2 NP are not published.
It is well known that NP in biological fluids are covered by a socalled "protein corona". We also detect protein adsorption to our SiO 2 NP, which in turn caused massive agglomeration in serum containing media, especially for the 15 and 60 nm SiO 2 . Moreover, in serum containing medium the uptake of SiO 2 NP is drastically reduced, which was also detected in other studies [45, 46] . In these studies it has been observed that in the presence of serum SiO 2 NP show a reduced adhesion to the cell membrane, leading to a reduced cellular uptake. This has been confirmed here. Concerning the uptake mechanisms we focused our comparison between serum containing and serum-free conditions on the 200 nm SiO 2 as the 15 and 60 nm SiO 2 were strongly agglomerated in the presence of serum. Our data indicate that the uptake mechanisms for 200 nm SiO 2 seem to be more specific in the presence of serum. The inhibitor, in particular chlorpromazine, had a much stronger inhibitory effect in the presence of serum. The 200 nm SiO 2 NP seem to be nearly exclusively taken up by the clathrin pathway under serum containing conditions. Eventually the presence of proteins on the surface of the NP is supporting the receptor-mediated recognition.
Furthermore it should be noted that also the cytotoxicity is changing significantly in the presence of serum as in the presence of serum no toxicity is observed. Eventually in the absence of serum SiO 2 NP may also penetrate the cells directly without prior interaction to specific receptors as they are highly protein adsorptive. This may cause cell death. It would be highly interesting to compare also the uptake mechanisms for smaller sizes of SiO 2 NP in the presence and absence of serum. For that purpose one would require SiO 2 NP that do not agglomerate in the presence of serum.
In summary, our data confirm that the uptake mechanisms for SiO 2 NP are strongly dependent on the NP sizes but also on the cell lines used in the study. In particular for the smaller particles (15 nm diameter) we find evidence that also other pathways being independent of clathrin and caveolin strongly contribute to the uptake, at least under serum free conditions. Clathrin mediated endocytosis seems to contribute to the uptake of all sizes used in this study while caveolin mediated endocytosis plays only a minor role and is involved only for the uptake of 60 and 200 nm SiO 2 NP. In future studies it might be interesting to design special types of SiO 2 NP by using different surface coatings, which are stable in the presence of serum and which are taken up more specifically via caveolin-mediated endocytosis, which may be superior for medical applications.
Conclusion
Here we analyse the uptake and the uptake mechanisms of SiO 2 NP using a well-suited fluorescently labeled core-shell SiO 2 NP system to prevent dye-leakage and alteration of the NP surface properties via dye attachment. The fluorescently labeled core-shell SiO 2 NP have been specifically synthesized for the purpose of this study. We use three different sizes (i.e 15, 60 and 200 nm) and four different cell lines representing different uptake routes or important secondary target organs, i.e a lung related cell line (A549), a skin related cell line (HaCaT), kidney cells (NRK-52E) and macrophage like cells (THP-1 derived). We observe a size dependent cytotoxicity in all four cell lines in serum free conditions, which correlated well with different uptake into the four cell types. Clathrin-mediated endocytosis was involved in uptake of all sizes of SiO 2 particles in THP-1 macrophages and in A549 cells. Caveolin-mediated endocytosis contributed to the uptake of 60 and 200 nm SiO 2 NP in THP-1 macrophages but only to uptake of 200 nm SiO 2 NP in A549. Interestingly for the 15 nm SiO 2 the caveolinmediated endocytosis seems not be involved. Thus, we find evidence that another pathway, which is clathrin-and caveolin-independent, could be involved in the uptake of the 15 nm SiO 2 NP.
In the presence of serum, all sizes of SiO 2 NP become non toxic and the uptake in general is significantly reduced. Furthermore the uptake mechanisms may change. For the 200 nm SiO 2 NP the uptake seems to be more specific, now mostly exclusively via the clathrin-mediated endocytosis.
In summary, this study demonstrates size-and cell type dependent differences in SiO 2 NP uptake and in uptake mechanisms, which could be relevant for potential use of SiO 2 NP as a drug delivery system in the medical field.
